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Itai]]f’all  ])rofilc  rc(,ricval  fro]]] t,f]c 14 G]lz  ‘J’l{hlkl  l’rccil)itat,  io]] l{~dar  ivill  rwluiw  c<,rlcctioll  for

attrvtuatio])  cflwts.  AtI im[)ortat]t  tec]]nique  for this is tfIc  surface rcfcrcllcc  (cclltliquc,  \vl]icll  m(itnat,es

(JIC  JIaLII attclluatiol~ tf~rmlgll  r a i n  hy co]o])ari)lg  tile c]car air occdn l)acfiscattrr wit]]  occat I I)ackscatkr

ill ]aill. It MSIIIIJCS tflat tflc  i]l(rillsic  occ.an l)ac.liscat(cr  il] tllc clear a]]d rairling  areas is tllc  sa]tlc,  ‘J’l Icrc

llii~ l)c[rl  Co]lccrt), l]owcvcr,  tl}at occaft I,ackscattcr ill rail]  s(orIIIs li]ay  Iw aflcctcd  I,y J]ig}] lvil]ds  atid

by rainfall  daml)i]lg  o f  occall  waws. Wc  cxa]]li]lc tflc  cfkt o f  raitl  using data frol!l  (IIC ‘1’01’JI;X C- and

KU I)a][d  altittlctcr  systcttl.  Jlcsults  SIIOW  tflat tl]c  itltril]sic  ocm]l baciiscatkr  wit f]itl rain  i s  tyl)ically

c l e w  to tl)at il} c l e a r  arms, su])l)ortirtg  tlic  IISC  of tllc  sllrf’iicc  rcfcrcllcc  tccl]lliqoc.
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1 1 ntjro duction

‘! ’}1(’ slllfacc  I’(’f{,l(’llcc  lcclllliqur (S1{’1’) (il’lellcp,llitli  {t ill. 1!)s::;  hlalzoup, all(l l\lllay(’llc  19!)1 )  Ilas 1)(’(11

l) IcIl)OS((l  t o  IWI(IC(  tlIc  atlll]ip,~litics  il)llrtctll  i]) r(tli(villp,  111( l:lillf’all  I)rofil(  frotlt  sl);ic(’l)otII(”  r; I(lat,

S(ICII a s  (lie l{(l-lliill(l I)rccil)italiol)  radar (1’1{)  wllicll  \fill fly (III tllc ‘1’lol)lc;il  I{;lillf’illl  hl[’asllril)p,  Missiotl

(’1’I{IVINI)  (Sillllw)ll c1 al., 1988).  Ill (110 S1{’1’ LIIC ()(’~’illl I);i(’ks(’tltl(’l  ill  il Cl(’dl  ~1”(’ii  i s  Colll])iil’(’(1  }villl

tllv  OC{:lI)  l)il Cl< SCiltt  C~ it! tlIc  raining a r e a ,  and tlIc  (Iiflc’r(rlc(’  lJ(tu’fYri  [Itc lli’cj yi(l(ls l]){ JMitlI i]]lc~lat((l

iitt(l)]li{tiot)  (l’l A), Ivllicl} is (IIcI]  used as a collsllaillt  ii) t((liti’lllp,  11)( raillr:tl(  l~rofll(.  ‘1’IIc  S1/’1’ ass[ll))cs

[l)al [IIC il]trillsic oc(atl moss section  c 0 ill t}lr c l e a r  ~il”(’ii ii]i(l  jvitilill tllr raitl  dlc  idclltica]. Iladdad (,I

a l .  (  l{lf)fi)  slIo\vcd tlIat this  assuml)tioti  ]Ilust Iw III(1 f a i r l y  closf]y  ( < 2  dll) (0 ])r(vr]lt  l a r g e  crroIs  ill

lIIC l(tlicvc(l  rain.

‘1’IIcN  ]]as I)ccll collccrll  [lIaL Lllc assuln])tioll  of 1 II( S:IIII(  0“ it! rairl  aIId  clcaf afcds IIIay  1101  1)(

t ’ s l i d  I)ccausc of (IIC cffrct  of rain and wind  o]) tl)c  ()~~iill  sllrfacc  (hlclirp,llilli  (( al. 1992; Atlas 1994;

IJllr(lr]}  et al. 1995).  III p a r t i c u l a r  rcccmt lal)ora(oly sllldies  Ilavc  t]otcd tl)at rail]  CaII dalll]) occaIl  w a v e s

w i t  II wavclc  IIgtl I 011 t IIc orclcr of I(I CIII  (’1’si]ttl)lis  J 9$)2),  ‘J’l]is cht was ]Iotd Ijy Atlas (1994) as Iarp;c

t]]odl]lat.iol~s of (IIc ocean cr” in Synt]lctic Al)erturc  ]tadar (SA I{) illla~;cry  of occaliic  rail]  CCIIS. ‘J’IIc

SA1{ itllagcry  was acquird  with incidmlcc  allglcs  of arout  Id 200 or Illorc, \vltcrc  tltc dollti)ta]ll  scatlrrillg

Iticcliatiisin  is IIragg scat twillg (Vmccky and Stewart  1982). ‘J’llc  ‘1’lthlhl  I’li will o])rratr wit]! incidence

a]lglcs I)rtwccll nadir and 1 7 °  wl)crc  quasi]  )cculal  scat(crillg  i s  IIlore lilicly to dotllillatc  (Ilroivn 1979;

\TesC.c~y and S{,c,$,art  ]{j~~),  ]]~c,a,,s~  q(l{{sisl,~~(~]al scal((rill,p,  c]c1jcllc]s o]) ~],c ] a r g c . s c a l e  s(lrfacc  SI()])C

varian(c  ra{llcr tllall tllc wavclleigllt  s]wctruln  at tllc llra~g ~vavelllllnl)cr, tllc  cfkt of rail!  da]tli)in,g  011

I):ickscfitkv  ]t)ay  I]c lCSS severe near Iladir  tlla)l at ty])ical SAI{ illcidrtlcc :itlglcs. ‘J’llis  t~as sug;gwlcd  l>y

tllc  I(s(llts  of IJurdc))  et al. ( 1  995), sllmving  that t Ilr sllrfacc  rcfcrc]lcc  l l l A  atld Ia(liolllcter mtilllatc(l

1)1 A  IIcar  Il:i(lir w(rc tyl, ictilly  C1OSC  10 cacl I otllfr (1  d]] I{MS difl’blctlc(,).  liaitl cfl”fcts  at IIadil JY(IC also



.,

sll](lir(l  1)~ (;llylll($l’  Ct ?\l.  (  l!)!)  ~)), IYIIO  l)l”(’S(  ’111(,(1 .S1’\’(lil I (’Xilllll)l(’S  ( i f ’  1’1{S 1 altilllelr] 111(  ’;l~lll’(’1  11( ’ill  S

i[l rail]. III  1110s1 caws tll(’  l~acl<scatt  (’r ill  rail]  l~as  r(’tlllc(’( I  I)y allcllll:lli(jll;  Il(JtVv\’(’l  ,  ii f’(’lY (:1s(’s  Iiitll

(,llllilll(’($(1  lJ:\Ck SCatt  Cl, Iili(’ly  (111( {(l  Iiii[l  (lilt  ll[~ill~,, \V(, [’( fo~lll(l.

Ilcctl(ls(  of 111(’ Illalltl((l  ‘1’l{klh! Iallllcll ill 1!1$)7 [II( I)(xsi ) c  (SI  I  II’(T1 (,f  r;iiil (III  (I C(; III I);icksc:il  1( I II(aI

Ila(lil lI:is Sc)lllr Ilr.gcllcy. Il(lt, i t  i s  illv(’stigiltr(l  (Isitlg,  (I:ita f’IY)lII  tlI( ‘1’01’I;X  ($- [ I  II(1  Ii(l-l)illl(l  illtllll(t(  ’1’

SSS1 (111 iill(l  tll(’ ‘1’01’I’;X  ]Ili(it)ivav( Iil(lic)lll(’1(1’. ‘1’l]is  il]slru]ll(l]t 51111c :IIIOIVS  IISC  01 tl~(l (Ii(i’frrlll

hcl]l]i(l(lcs for 1(’1  li(’Vi\l  of I)olll t Ilc i[llrit]sic  C)((all l<u.l):(lld  0° ((’( IIIIC1(’LI [01” I)atll :Itt(’llllillioll)  :111(1

tl]c l~allI avtra{!;cd rain  Iat[. \V’c first dcscril)v  LIIc da(,a s e t  aIId  atlalysis  I(cl]lli{lucs IIS(X1 11(,1(  aII[l  tllvll

]JIUXTIII  rw+ults of otlt analysis.

2 ‘1’opcx Data I)cscription and A na]ysis

‘1’11(  ‘I’ol’I’;X/  l’OSl;  lI)ON” t]lission u’as lau IIcl Id ill AIIgIISt  of  1992 LO stIIdy  oc(aII  citcllla[iotl  (111 (t a l

1994).  I t  i s  cx]ui])l)cd wit])  a radar alti]llclcr Jvliicll o])cratcs  at l)otlI (;-l)aIId (5.3 Gllz) aIId  ii liII-l)a IId

(13.6 (;117).  ‘1’IIc  altiltlctcr is I)IIISC  li]]lited,  :;ivillg a resolution  of al)j)roxilllatcly  10 ktIl,  ~vllicli is al Iolll

2.5 til[lcs  tlIc Cx]Jcctccl  ‘1’l{MM  1’1{ foot]~rii]t  a t  Ila(lir. ‘J’OI’II;  X is  also rquil)])ed  w’itll  a ]Ilictowavc

radio]  t]ctcr  (18, 21,  and 37 (~llz), wllicll  allmi’s  j)ath  attcnllatio]l  Cstil[latioll and flaggillp;  o f  Iail] cl’ctI(s.

‘I’l Ic Iadiolllctcr foot])rillt  is  larger  tlla]l tl]c  ra(la]  rcsolutio]l, rallgillg  fro]]] 40 kll I at 18 (; 117, to 20 k i l l

at 3’[ (;llz. Wc  cxa]nil]ccl  8 cycles (80 days)  of ‘l’OI)IJX (;1)1{  data fro]!) 1993 using  tllc raitl  flap;  in tile

‘J’01’ICX  (;l~ll data h dcicc( ra infa l l  cwcnts.  l)ata w a s fur(l]cr  lilllited to troljical  la t i tudes,  atld o]l]y

d a t a  will] good 00 valllcs,  as flagged  ill tllc ‘11)1’I;X s{a]ldard  ]Jroccssit]g  were  used.

‘1’lIc  a{’ Illca$surclt]cnts  at two frcqucl]cics  calI I)c Ilsml to cstitnatc l)otlI tlIc  in[rinsic,  or ullatlcll~lalcd

no , as welt as tflc I)at,ti ilttcg  rated  raitt rate.  As discussed it) OlsrII C( al. (1 97S) (,IIc attclluat  io]] CaII I)c

CXI)ICV-KKI  as a ])owcr l a w  of tlI(s rail!  ratr. 0 1 1 1  II ICI(ICI for tlI(’  co II I(IaSIIICIII(’IIl  S i s

0;. = 0<’ (1(1( ‘2 {/5 ( i )
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'l'lii:i  i]lv(`rsicJll algori~lllIl? illcJlvsl ]st(Jrctriclfc  l(an(i 0“ flotllttl(’rl’ol’l;X”  altil]](’tcr  ]]l(:ls[]t clllolts. ‘1’flis

al)l)l(]aCll  RSSUIIICS  tll?it,  t,llc illtrjllsi~  o “  at I)otl]  frc(llio]cics i s  sitllilally aflict~d I)y Iaill aII(l  Ivili(l.

‘J’IIc 18 (;llz n]icrowavc  radiotllc[er  I]rigllttlcss  tctlll)cralurc catl a l s o  I)c WWI t o  cstilllat, l);itli  illtL’-

g]~{cd  attetluatioll  (lllA)  aIId  ]JatlI avcrap;d  rai]]fall 1/. ‘lo d e r i v e  aII alp,oritlltll  for this,  aII l;(l(li]]g)to])

ai)]jr<]~illlali(jl~  racli~~tiv~ ~rallsf~l  COdC  (K UIIIIIINOW  1993)  }VM rUII for  tile  II IO CIC1  atll]Osl)l]cms  discllss(d

ill l)urdcll  d al. ( 1 9 9 5 ) .  ‘J’l Iesc silllulat,  ions illcludcd  a var iety  of  rai]l  rfitcs, cloud Waler, all(l Sul’fac(’

wi[ld  collditioris.  Silll]Jlc  fullctio]ls rc]atitlg tile Ku.l)till(l  I’IA (ill d])) HIId }/ (ill 1 1 1 1 1 1 / 1 1 )  t o  tlIc 18 (JIIY

I)liglttllw+s  [Ct])lxraturc  were fit to tlIr results, giving

)’/,4: 4.9-  111(? 71,7-  Yj, ), ‘/~, <271.7K (5)



3 1{(?s111{,s

(~tcaf a i r  Itlt>asurcliteltts  lr(’rc  IIsm 1 to (l(l~,rlltitlc  Illill .~ i s  3.fJ (111.  kl[;i.$lII~sIIIcl]ls  ill lain tvti, tl]rll

I)r<)cm;s((l  ll,sit]~~;  l;{lljalitjlls  ( 3 )  all{] ( , 1 ) .  ,4 [c~lal  CJI”N:I:12  ]Joi)l(s sllotvillp, (11[ ?-fr{,(jllc]lcj’  cstilllatc(l  I(lb

I)a}ld illstritlsic  I) fickscalter  cross scclir,tl  VCCSIIS  111( (s(illlalc(l lJatlI avcIagr<l  taill  Iatc arc disljl;ljtd ill

lrigllrc  1. ‘1’llc  c o r r e l a t i o n  cocflicictll  is -() ():) iill(l  tlI( sl(~lI(’  of tlIc rep, [cssioll lilt< is -()()3 ‘111(’  r:iill  lr;It(

raIIgc is  frolll 1 10 16.4 ltltII/li,  lvi~ll d l))call  of ;;1  1 1 1 1 1 1 / 1 1  aII(l  s[a II(la  Icl (Itviatiol] o f  1.S 111111/11.  ‘I” IIc

intrinsic  t)acliscat~cr  m 0  
litll/,(’S  ul) t(I ‘2~\.5  (Ill,  Ivitll  ii 111(.all  o f  1 0 . 9  (11)  Hll(l stallclat’(1 deviation of 0 1  I I %

().95 (111.  ’I’ll(s tatl(larclc  lrviali()ll isclosctotllat  oljwli(d illcl(’arcc)llclitiotis.  ‘I’llcsat\lc  8fiJ12(l:~t aljoillls

w e r e  Icallalymd  Ilsing  l;quations  (5) and (6). Ill lllis Cil SC a 0  i s  estilnatcd Ijy corrcclitlg  tllc IiIcasllIt’d

l{wl)al~d I)acksc.attcr  (ofit, ) by tile radiolllctci (stittlat(d  2-way  I ’ I A .  ‘1’lIc l)atl]  avcragr(l  r:litl  rate  i s

also cs{illlatcd from tl]c  l)riglltllcss  tct[ll)crat(l](. I’igllrc 2 s])ows  tllc ICSUI(S  of this  analysis,  alo]lg  Ivitll

tllclillcarrcgrcssic)ll  lillc. ‘J’llccorrclatic)llc  ocflici(lll is-() .lhall(l tllcslc)j~cc  ~ftllcrcgrcssioll Iillcis-().l(j.

‘1’l)c ]aitl rate  ra]]gc i s  frotl]  1 to oh 111111/11,  \vitl]  a  II  I(aII  of 1,9 ]111]1/11 .a]]d standard devia(ioll  of 1.0

ImII/11. ‘J’IIc  itltritlsic  0° rallgcs  u]) to 2f{,7 dll,  ivi(l)  a II I(:iII  of 10.8  d]] and starlclard  dc~’iation  of 1 . 1 0

dl{. ‘I’l ICSC rcs(llts  arc  cluitc silnilar  k) tllc results  of tlIr ra(lar-c>llly  algoritlltlt  in lJigurc  1, altl)crl]p;l]  tile

rairl rates arc lower,  likely due (J2 l)artial  l)ea]]) filliljg  cf~ccis ill tl]e  large radiometer  foot] )rint,  ((; raves

1993). ‘J’l]is  would  a l s o  rcsul L in an [Ill(l(rcstiltl:it( of tllc ]Jatll attclluatioll, ]Iiakit]g tllc slo])e of  illc

rc,grcssiol]  line  lnorc  llcgtitivc than ill l~igurc 1 .

111 Pigurc  1 Ll]cillstrillsic.  l)ackscattcro”  is)oll  avcrap,c, IIcarly illdcl)cl~dcllt  oftllc raillratc. II) l’igure

200clccrcascs  sliglltly,o rlavcragc,l  J'itlli llcr~;tsi}l/,l;  till rate. At IIadir  rainfall  dal~)])it]g  of Jvavcs  would

reduce the surface slol)c variance and illcrcasc  0“. Iligll lvillds  ill rail]  stortns  would  lIavc tlIc o])l]ositc

cffcc~, roughening  tlic oc.call and rcdtlcitlg  CTO.  lt) I)otl)  l’ipjurcs 1  al)d 2 allolllalously  Iligll and lcnv val(lcs

ofo{’ctilll)cs,cctl.  ‘I’llclIiSll ~al~lcsc  [)~11(11 )[citlls[(l I)y rain (Iallll)illg,asllc)tc(l l,y(;~lyill(’rct?ll,  ( 1 9 9 5 ) ,



scattering is sIIIall.  Anotl]cr  I)ossil)ilty  is tlIa( sIIIootl  Ii IIgof

a r e a s  wiLII  rougllc]ling  due 10 wi]ld,  so tliat tl]c lJYO (fl’ccts

III? S(llf~C(’  (IIIC  10 Iilill  Of[(’11  looli” I)la(’(’  11(’ill

ogctl  Icr rcducrd  dc])clldrIIcc  of ill~lillsir  C“

.

.

OII rail]  r a t e .  ‘1’t]c results  lIere  Slll)])ort  tllc  Illldcrlyitlg  asslltn])(ions  of  (lIc  surface  rcfcrcllcc  lcclltliq~le.

Ac.l{IIowlcdgITIc>  IIt

‘1’IIc author would  Iikc  to tlla]lk I)rs. J. Mart ill and 1’. (krllal)an  of J}’], for uwflll  discussiol]s  r e g a r d i n g

tlIc  ‘l K)l’1’~X  instrultlcllk  aIId  data ])rocmsi]]g. ‘J’IIc  Ics(arclI  dcscril)(xl  IIcrc w a s  ]WI fortnrd  I,y t lIr J{t

l’rol)ulsion I,al)orat,ory,  Califor]lia lllstitu[c of ‘1’cclln(,lo~y,  u])dcr  corltract  with tllc Ntitiollal  Arro]laut,ics

and Sl)acc Acllllillistratic)ll.
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